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Executive Summary
The Moon has always played an important role in human culture. It forms the basis of Babylonian, Jewish, and Islamic calendars; it determines the timing of the Christian Easter (which is always the first Sunday after the first full Moon after the vernal equinox). It makes an important contribution to the settings in paranormal and romantic legends and poetry; even cartoons, such as Inuyasha where a half-demon becomes human on the night of New Moon, depend for their stories on the lunar cycle. The Harvest Moon, New Moon and Blue Moon are important in agriculture and astronomy, and man has long used the Moon to navigate travel and predict tides.
In recent years the interest in using solar energy as a major contributor to renewable energy applications has increased, and the focus on smart grids to optimize the use of electrical energy based on demand and resources from different locations has strengthened. We thus need to understand the Moon's position with respect to the Sun. For example, during a solar eclipse, the Sun might be totally or partially shaded by the Moon at the site of interest, which can affect the irradiance level from the sun's disk. A resource on the grid might be affected by this. Instantaneously predicting and monitoring a solar eclipse can provide smart grid users with instantaneous information about potential total or partial solar eclipse at different locations so other resources can instantaneously be directed to a specific location. At least five solar eclipses occur yearly, and can last few hours, depending on location. This rare occurrence can have devastating effects on smart grid users.
This report includes a procedure for implementing an algorithm (described by Jean Meeus [1] ) to calculate the Moon's zenith angle with uncertainty of ±0.001° and azimuth angle with uncertainty of ±0.003°. The step-by-step format presented here simplifies the complicated steps Meeus describes to calculate the Moon's position, and focuses on the Moon instead of the planets and stars. It also introduces some changes to accommodate for solar radiation applications. These include changing the direction of measuring azimuth angles from north and eastward instead of from south and eastward, and the direction of measuring the observer's geographical longitude to be measured as positive eastward from Greenwich meridian instead of negative. In conjunction with the solar position algorithm that Reda and Andreas developed in 2004 [2] , the angular distance between the Sun and the Moon is used to develop a method to instantaneously monitor the partial or total solar eclipse occurrence for solar energy applications and smart grid users. This method can be used in many other applications for observers of the Sun and the Moon positions for applications limited to the stated uncertainty. In recent years the interest in using solar energy as a major contributor to renewable energy applications has increased, and the focus on smart grids to optimize the use of electrical energy based on demand and resources from different locations has strengthened. We thus need to understand the Moon's position with respect to the Sun. For example, during a solar eclipse, the Sun might be totally or partially shaded by the Moon at the site of interest, which can affect the irradiance level from the sun's disk. A resource on the grid might be affected by this.
Instantaneously predicting and monitoring a solar eclipse can provide smart grid users with instantaneous information about potential total or partial solar eclipse at different locations so other resources can instantaneously be directed to a specific location. At least five solar eclipses occur yearly, and can last few hours, depending on location. This rare occurrence can have devastating effects on smart grid users.
This report includes a procedure for implementing an algorithm (described by Jean Meeus [1] ) to calculate the Moon's zenith angle with uncertainty of ±0.001° and azimuth angle with uncertainty of ±0.003°. The step-by-step format presented here simplifies the complicated steps Meeus describes to calculate the Moon's position, and focuses on the Moon instead of the planets and stars. It also introduces some changes to accommodate for solar radiation applications. These include changing the direction of measuring azimuth angles from north and eastward instead of from south and eastward, and the direction of measuring the observer's geographical longitude to be measured as positive eastward from Greenwich meridian instead of negative.
First, the Moon position is calculated, then, in conjunction with the solar position algorithm that Reda and Andreas developed [2] , the angular distance between the Sun and the Moon is used to develop a method to instantaneously monitor the partial or total solar eclipse occurrence for solar energy applications and smart grid users. SPA [2] has the details of calculating the solar position, so only the Moon position algorithm (MPA) is included in this report. When the solar position calculation is included in this report, the SPA report will be the source for the SPA calculation. This method can be used in many other applications for observers of the Sun and the Moon positions for applications limited to the stated uncertainty.
This report:
• Describes the time scales because using the correct time in MPA is important
• Provides a step-by-step procedure to calculate the Moon position • Monitors the solar eclipse occurrence using the Solar and Moon position algorithms, (SAMPA)
• Compares SAMPA against historical eclipses
• Describes a method to estimate the irradiance level during the solar eclipse occurrence.
Because the algorithm is complex, an example is included in Appendix A.1, This report is used to calculate the Moon's position for solar radiation applications. It is purely mathematical and not meant to teach astronomy or to describe the Moon rotation around the Earth.
For more information about the astronomical nomenclature that is used throughout the report, review the definitions in AA or another astronomy reference.
Time Scale
Following are the internationally recognized time scales:
• Universal time (UT), or Greenwich civil time, is based on the Earth's rotation and referenced to 0-hour at midnight; the unit is mean solar day [3] . UT is used to calculate the solar position in the described algorithm. It is sometimes referred to as UT1.
• International atomic time (TAI) is the duration of the System International Second (SI-second) and based on a large number of atomic clocks [3] .
• Coordinated universal time (UTC) is the basis of most radio time signals and legal time systems. It is kept to within 0.9 seconds of UT1 (UT) by introducing one-second steps to its value (leap second); to date the steps are always positive.
• Terrestrial dynamical or terrestrial time (TDT or TT) is the time scale of ephemerides for observations from the Earth's surface.
The following equations describe the relationship between the above time scales (in seconds):
where:
ΔT is the difference between the Earth's rotation time and TT. It is derived from observation only and reported yearly in the AA [5] .
UT UT UTC UT
ΔUT1 is a fraction of a second, positive or negative value that is added to the UTC to adjust for the Earth's irregular rotational rate. The Julian date starts on January 1, in the year -4712 at 12:00:00 UT. The Julian Day (JD) is calculated using UT and the Julian Ephemeris Day (JDE) is calculated using TT. In the following steps, there is a 10-day gap between the Julian and Gregorian calendars where the Julian calendar ends on October 4, 1582 (JD = 2299160), and after 10 days the Gregorian calendar starts on October 15, 1582.
Calculate the Julian Day
. , Users who wish to use their local time instead of UT should change the time zone to a fraction of a day (by dividing it by 24), then subtract the result from JD and note the change of the local date. The fraction is subtracted from JD calculated before the test for B < 2299160 to maintain the Julian and Gregorian periods. 
Calculate the Julian Ephemeris Day
JDE JD T = + ∆ 86400 .(5)JCE JDE = − 2451545 36525 .(6)
Calculate the Julian Ephemeris Millennium for the 2000 Standard Epoch
JME JCE = 10 .(8)
Calculate the Moon Geocentric Longitude, Latitude, and Distance Between the Centers of Earth and Moon (λ, β, and Δ)
"Geocentric" means that the Moon position is calculated with respect to Earth's center. Table 2 To Calculate the Term b (in 0.000001 degrees) 
Calculate the Moon's Mean Longitude, L' (in degrees)
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Calculate the Moon's Longitude, λ' (in degrees)
λ' ' = + + L l l ∆ 1000000 .(23)
Calculate the Moon's Latitude, β (in degrees)
β = + b b ∆ 1000000 .(24)
Limit λ and β to the
Calculate the Moon's Argument of Latitude, X 3 (in degrees)
X JCE JCE JCE Table 5 .
For Each Row in
X j is the j th X calculated by using Equations 15 through 19.
Y i, j is the value listed in i th row and j th Y column in Table 5 . n is the number of rows in Table 5 (n equals 63 rows in the table). 
Calculate the Nutation in
Calculate the Nutation in Obliquity,
Arctan2
is an arctangent function that is applied to the numerator and the denominator (instead of the actual division) to maintain the correct quadrant of α, where α is in the rage of -π to π.
Calculate α in Degrees, Then Limit It to the Range of 0° to 360°
Calculate the Moon's Geocentric Declination, δ (in degrees)
δ β ε β ε λ = + Arcsin (sin * cos cos * sin * sin ) ,
where: δ is positive or negative if the Sun is north or south of the celestial equator, respectively. Then change δ to degrees.
Calculate the Observer Local Hour Angle, H (in degrees)
where: σ is the observer geographical longitude, positive or negative for east or west of Greenwich, respectively.
Limit H to the range from 0° to 360° and note that it is measured westward from south in this algorithm.
Calculate the Moon's Topocentric Right Ascension α' (in degrees)
"Topocentric" means that the Moon's position is calculated with respect to the observer local position at the Earth's surface.
Calculate the Term u (in radians)
u Arc = tan ( . E is the observer's elevation (in meters). Note that x equals ρ * cos ϕ' where ρ is the observer's distance to the center of the Earth, and ϕ' is the observer's geocentric latitude.
Calculate the Term y
note that y equals ρ * sin ϕ', T is the annual average local temperature (in °C).
e 0 is in degrees. Calculate the tangent argument in degrees, then convert to radians.
Calculate the Topocentric Elevation Angle, e (in degrees)
e e e = + 0 ∆ .
Calculate the Topocentric Zenith Angle, θ (in degrees)
θ m e = − 90 .
Calculate the Moon's Topocentric Azimuth Angle, Φ m (in degrees)
3.14.1. Calculate the Topocentric Astronomers' Azimuth Angle, Γ (in degrees)
sin ' cos '*sin tan '*cos ) , 2 ϕ δ ϕ (55) Change Γ to degrees, then limit it to the range of 0° to 360°. Γ is measured westward from south.
Calculate the Topocentric Azimuth Angle, Φ for Navigators and Solar
Radiation Users (in degrees)
Limit Φ m to the range from 0° to 360° using step 3.2.6. Φ m is measured eastward from north.
Moon Position Algorithm Validation
The solar zenith and azimuth angles are not reported in AA, so the Moon's declination and equatorial horizontal parallax are used for the evaluation. Exact trigonometric functions are used with the AA reported Moon parameters to calculate the solar zenith and azimuth angles; therefore, it is adequate to evaluate the MPA uncertainty with these parameters. To evaluate the uncertainty of the MPA, arbitrary dates, January 17 and October 17, are chosen from each of the years 2004 to 2010, and 1981, at 0-hour TT. Figure 1 shows that the maximum difference between the AA and MPA is 0.00055° for the Moon's declination, and Figure 2 shows that the maximum difference is 0.00003 for the equatorial Moon parallax. This implies that the MPA is well within the stated uncertainty of ±0.001° and ±0.003° in the zenith and azimuth angles, respectively. 
Predicting and Monitoring the Solar Eclipse Occurrence
The full astronomical nomenclature for eclipse monitoring is beyond the scope of this report, so only the total and partial solar eclipse nomenclatures are used. In this section, the zenith and azimuth angles of the Sun and the Moon are calculated continuously with SAMPA. The SPA is described in detail in Reda and Andreas [2] ; the MPA is described above. A solar eclipse can then be monitored as follows: e, π, and Δ are calculated in Section 3. 
Set the Boundary
Sun unshaded area during Solar Eclipse
If E ms ≤ abs(r m -r s ), it is a total eclipse where the Sun and Moon disks (circles) completely overlap; therefore, if r s > r m , the unshaded Sun area by the Moon will equal the area of the Sun disk minus the area of the moon disk. Moreover, if r s ≤ r m , the unshaded area of the Sun equals zero.
To monitor the solar eclipse, a criterion where E ms equals (r m + r s ) is set at the beginning and end of the eclipse. At this moment the time is advanced; e.g., in one-second increments, for at least three hours. The distance E ms can then be plotted to show the eclipse, and from the data, one might calculate the duration of a partial or total solar eclipse by calculating the time when minimum E ms occurs, T min , then as the eclipse ends, the time when maximum E ms occurres, T max , is calculated. The total duration for the eclipse occurrence will equal T min + T max . Figure 3 shows E ms versus time for the central solar eclipse on July 22, 2009. Using this method, the eclipse duration equals 1.97 hours and the minimum E ms equals 0.0001°, which is well within the uncertainty of calculating the Sun and Moon positions. To verify this method, E ms is calculated for some historical total solar eclipses at different locations. Table 4 shows that E ms < 0.0011 for the listed seven solar eclipses, which is within the stated uncertainty of ±0.003° in the azimuth angle. 
Estimating the Solar Irradiance During a Solar Eclipse
When a solar eclipse occurs, the observed Moon's disk will start shading the Sun's disk; the shaded area will change as time progresses; therefore, the unshaded area of the Sun disk is called the Sun's Unshaded Lune (SUL), which will also change with time. The percentage of the SUL from the total Sun's disk area is then calculated, Figure 3 shows the change of SUL during the July 22, 2009 solar eclipse. The percentage area might then be multiplied by an estimated direct beam irradiance to calculate the irradiance during the eclipse. A spectacular phenomena occurs during the solar eclipse, therefore, the spectral distribution of the irradiance from the Sun changes. The method described below illustrates how the irradiance might be estimated during the solar eclipse, yet it does not account for the significant change in the spectral distribution of the sun irradiance during the eclipse occurrence. In the future, when significant changes in the instrumentation and spectral measurement are achieved, users might use other methods or models to achieve smaller uncertainty for such estimates. I is the estimated direct beam irradiance calculated by the model.
To evaluate the described method, the calculated irradiance is compared against the irradiance measured at the University of Oregon, Eugene, Solar Radiation Monitoring Laboratory. The irradiance was measured during the June 10, 2002 partial eclipse, using a pyrheliometer model NIP, manufactured by the Eppley Laboratory, Inc. Figure 4 shows the difference between the measured irradiance and the calculated irradiance using the method described above. The figure shows that the difference between the measured irradiance at the University of Oregon and the calculated irradiance by SAMPA is about 8% when the partial eclipse starts, 4% at the maximum eclipse, and 6% as the eclipse ends. These differences are expected, because the measuring instruments (estimated U 95 = ± 3%) and the model used above (estimated U 95 = ± 5%) do not account for the significant change in the spectral distribution of the irradiance during the solar eclipse occurrence. In the future, with the advancement in pyrheliometer design and spectral measurement technology, advanced models might be used to improve the uncertainty in measuring such significant change in the spectral distribution during the eclipse occurrence. 
Conclusions
The MPA achieves uncertainties of ±0.001° and ±0.003° in calculating the zenith and azimuth angles of the Moon (see Figures 1 and 2 ). Using MPA in conjunction with the SPA (uncertainty of ±0.0003°) to monitor solar eclipses, is consistent with the historical eclipses to within the stated uncertainty of the MPA see Table 5 . Section 6 and Figure 4 show that the direct beam irradiance from the sun during a solar eclipse is estimated within 4% to 8% from measured irradiance that was collected during the eclipse of June 10, 2002. This implies that smart grid users might be able, with the current technology, to use this information to manage the grid's solar resources during eclipses to within 8%. Improved uncertainties might be achieved by developing advanced models that include the change of the spectral distribution during the spectacular solar eclipse. Figure 4 also shows that the partial solar eclipse of June 10, 2002 in Eugene, Oregon, lasted longer than two hours, which might have devastating effect on the smart grid if solar energy is used as a grid resource. 
